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Abstract  
Pharmaceuticals delivered via nasal spray typically have only generic use instructions. 
Because topical drug delivery varies with sprayer position and nasal anatomy, ethnic-based study 
of nasal spray delivery could provide important information on how drugs can best be 
administered in the future. Additionally, it is not known if specific features of nasal morphology 
contribute significantly to humidification of inspired air which also has health implications, and 
could also be informed by an ethnic-based study.  
We hypothesize that there will be greater nasal spray deposition in Caucasians than 
ethnic minorities. We also hypothesize that that larger volume and cross-sectional area of the 
inferior turbinate, and smaller cross-sectional area and hydraulic diameter in the nasal valve 
region will result in better humidification. To test these hypotheses, we created three-
dimensional computational fluid dynamics models of the nasal passageways of 16 healthy 
subjects: 2 males and 2 females for each of the following four ethnicities: Caucasian, African 
American, Latino/Hispanic, and Asian American. These were created from CT scans using 
Avizo™ software, and ICEM™ was used to mesh the 3D renditions. Then particle simulation 
and water vapor and heat simulations were carried out in Fluent™ computationally, and analyzed 
using Fieldview™. To quantify humidification, we calculated the mass fraction of water vapor as 
a function of distance into the nose.  
Contrary to our hypothesis, we found that there was greater droplet deposition in the 
target area in African Americans than Caucasians. Though the results of our humidification study 
do not sufficiently support or refute our hypothesis, we did find differences in the graphical 
results of humidification across the z-axis. Additionally, all noses were found to humidify to at 
least 90%, as expected. Our data suggest that it is possible localized differences in drug delivery 
and humidification result from some anatomical differences in the nasal valve area, which is 
where we see the main differences in humidification. However, we will next consider if the 
upsurge in water vapor mass fraction corresponds to a specific factor of the nasal valve area or 
inferior turbinate. Our results will provide new insights into the optimal delivery of drug via the 
nose, and may suggest treatments of nasal dysfunction.  
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Introduction 
Context and Motivation 
 Studies have shown that there are significant differences in nasal anatomy between 
ethnicities1. However, there have been a disproportionately small number of studies on the 
relation of the variation in nasal morphology to nasal function. Different nasal morphology 
naturally leads to the question of how these differences affect not only normal nasal function, 
and perhaps more importantly, how ethnic differences interact with nasal diseases and their 
treatment. Study of ethnic nasal morphology provides useful information about topical drug 
delivery, since the nasal cavity has become an increasingly utilized route for the administrations 
of medications such as steroids, vaccines, and other medications3. 
 An understanding of nasal ethnic dissimilarities may help physicians and surgeons to 
better treat the increasingly diverse population of the US. For example, an understanding of 
ethnic differences in humidification could aid surgical decision-making when resecting the 
inferior turbinate during treatment for Empty Nose Syndrome2. In addition, ethnic difference 
could affect how nasal sprays are deposited in the nasal cavity, potentially affecting efficacy and 
possibly instructions for use.  
 To begin a characterization of ethnic dissimilarities on nasal drug delivery and 
humidification, we looked a variety of ethnicities of healthy individuals to first understand 
particle deposition and humidification under normal conditions. We also categorized our models 
by other factors. While our results were consistent, in part, with ethnic categorization alone, 
disassociating the ethnic tag and approaching from other standpoints in future studies may lead 
to novel findings.  
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Our long-term goals are to shed new light on evolutionary pressures arising from 
different geographical areas of origin, and provide new information for the treatment of nasal 
dysfunction in increasingly diverse populations. In this paper, we focus on droplet deposition and 
humidification studies in the context of ethnic variation in nasal morphology, revealing 
interesting results and trends. These results point towards possible anatomical areas of the nasal 
cavity that may be important in further study to improve nasal drug delivery and nasal surgery 
decision making. 
Evolution and Nasal Morphology 
 Many researchers in the field of anthropology have studied the historic origins of 
variation in nasal morphology, and the results can give us clues as to how nasal morphology has 
changed due to evolution5. Historically, it has been thought that the size and shape of the nose 
changed over time as a response to climate6. Later studies showed nasal index, the height to 
width ratio of the human nose, is related specifically to temperature and humidity7. Nasal 
morphology has been categorized by race/ethnicity as well as by nasal index (NI). For example, 
the African race categorized by the “negroid nose” is associated with the platyrrhine nasal 
index8. 
 Platyrrhine is one of the three NI categories, indicative of a broad nose. The other two 
categories are mesorrhine, meaning medium/mid-sized nose and leptorrhine, narrow nose8. 
Information on ethnic categorization and NI could be useful in treating patients, given that nasal 
morphology has an effect on treatment choices. Since patterns of nasal spray deposition may 
differ in individuals with different NI values, it may be useful to examine this relation more 
closely because drug targeting and efficacy9.  
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Nasal Morphology Categorizations  
Common nasal morphology categorizations include the following factors: Surface area to 
Volume ratio (SA:V), Nasal resistance (NR), and Nasal Index (NI). Each of these can be 
calculated using basic formulas (Table 1). 
Equation Units Variables 
SA:V=SA/V 1/cm SA=surface area 
V=Volume 
NR= ΔP/Q Pa*s/mL ΔP= transnasal pressure drop 
Q= Airflow rate in the nasal 
passage 
NI=NW/NH *100 % NW= Nasal Width 
NH= Nasal Height 
Table 1: Equations for surface area to volume ratio, nasal resistance, and nasal index 
Recently, a computational fluid dynamics (CFD) study of nasal spray deposition patterns 
was conducted in four different ethnic groups to examine possible trends. The study included 
individuals with a variety of NI values, but the results were categorized largely by ethnicity 
alone9. While ethnic tags are associated with NI, some studies have shown that designations of 
ethnic groups by NI are inadequate, because of the large variety among geographically defined 
ethnic groups10. This provided the impetus for further study of potential correlations of nasal 
spray deposition with NI and surface area to volume ratio (SA:V). We suspect that categorization 
by NI, SA:V, or otherwise may prove more beneficial than ethnic categorization. It may also be 
useful to determine the sensitivity of the results of these experiments to head and spray nozzle 
positioning. Among the ethnic groups studied by Keeler et al.there were some differences 
observed in nasal spray deposition, though the study lacked statistical power. Despite this, the 
cohort in Keeler’s study is unique and provides a basis for our study, which will provide new 
perspective and results. Our study consists of extending the studies of Keeler et al. using the 16 
CFD models previously created from nasal CT scans of 2 males and 2 females (all healthy) in 
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each of the following ethnicities: African American, Latin American, Asian, and Caucasian9 
(Figure 1).  
 
 
Figure 1. Left side view of three-dimensional (3D) reconstructed models of the nasal airspace of 
16 subjects. A. African American females. B. African American males. C. Asian females. D. 
Asian males. E. Caucasian females. F. Caucasian males. G. Latino females. H. Latino males. In 
all panels, nostrils are on the left, nasopharynx is on the right. 
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Nasal Drug Delivery 
Nasal drug delivery is an important area of research as it is rapidly growing and has been 
found to have increasing benefits. Nasal drug delivery works because of the role of the nasal 
mucosa, which is a highly vascularized area that lines the nasal cavity allowing for an accessible 
area for drug absorption. The nose is recognized as a route that is highly available to large areas 
of mucosal surface37. This makes the nasal route convenient, in addition to being a well suited 
alternative route for medications and vaccines. Drug delivery via the nasal route may be 
advantageous because of localized, topical treatment, and can also provide a method of delayed-
onset drug delivery11.  
There is a lack of information on ethnic variation in nasal morphology in relation to the 
particle deposition of nasal sprays and none base simulations on actual instructions for use and 
use spray characteristics based on experimental measurements. No study examines ethnic 
variation in deposition of a specific medication (i.e., fluctisone propionate) to a target site where 
medication is most likely to be beneficial in treating the condition (i.e., allergic rhinitis).  
Current use instructions for nasal sprays, while varying to a large degree12, are likely 
created with the average American in mind, so they probably will show better results in the 
ethnic majority (Caucasian). Therefore, with respect to ethnic nasal morphology. We hypothesize 
that there will be greater nasal spray deposition in Caucasians than ethnic minorities (Asian, 
African American, and Latino).  
Nasal Air Conditioning 
 The nose is responsible for an array of functions including olfaction, filtration, 
conduction of airflow, and air-conditioning including humidification and heat exchange13. 
Humidification of inspired air usually reaches 90-95% in normal, healthy individuals14. Despite 
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the possibility that this may make differences overall among healthy subjects difficult to 
measure, certain areas of the nose have been shown to play discriminately larger roles in 
humidification. One such region is the nasal valve area15 another consists of the inferior 
turbinate16.  
 The Nasal Valve Area17. The nasal valve area, is a 3D nasal segment consisting of a 
range of anatomical structures. These include the septum, the soft tissue above the piriform 
aperture, part of the lateral nasal cartilage, and the nasal cavity floor28.  Most importantly for our 
study, the nasal valve area also contains the very front end of the inferior turbinate34.  The nasal 
valve area can be described as the cross-sectional area of the nasal passage that is the narrowest, 
thus it is also the site where the highest nasal resistance is found. Nasal air conditioning depends 
on the nasal valve area as one of its factors27. 
 The Inferior Turbinate18. The inferior turbinate serves several important roles, a few of 
which are critical to our study. The turbinates are an important part of nasal resistance, especially 
the inferior turbinate. There is a lack of literature about the role of the inferior turbinate in nasal 
air-conditioning27. However, results from a study by Naftali et al. show that lack of an inferior 
turbinate decreased the efficacy of nasal air-condition35. Another study simply states that the 
inferior turbinate enhances the humidification of the nose36. Because the inferior turbinate is an 
area of interest in our study, our methods could reveal further information of the role of the 
inferior turbinate in humidification of the nose. 
Localized humidification may be related to pathologies and diseases such as nasal septal 
perforation and atrophic rhinitis, in which dysfunctional humidification capability could lead to 
over-drying or crusting19,20,21. The results of these studies lead to the suspicion that nasal 
morphology is an important consideration to make when studying the factors that could lead to 
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disease. As a result, we are studying a diverse group in which nasal morphology might vary 
greatly to enhance our chances of seeing such differences.  Thus, we included 4 different 
ethnicities to maximize morphological effects on the progression of humidification in the human 
nasal airway during inspiration. 
A number of studies have revealed the relevance of nasal morphology in relation to 
airflow and filtration22,23,24. but few have studied localized humidification. In vivo 
characterizations of humidity have been carried out, but are limited by poor spatial and time 
resolution13. Previous computational studies have suggested that overall humidification is not 
significantly affected by morphological variation20,22 but did not examine the regions within the 
nose that contribute most significantly to humidification in detail. In vivo measurement does not 
allow us to map intranasal humidity, or even temperature distribution13. Such mapping and cross-
sectional analysis is an important part of understanding the role of various nasal landmarks13. 
Computational simulations of humidity allow us to quantify contributions to humidification from 
specific regions within the nose and use this information to test our hypothesis that larger volume 
and cross-sectional area of the inferior turbinate, and smaller cross-sectional area and hydraulic 
diameter in the nasal valve region will result in better humidification. 
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Methods 
Three-Dimensional (3D) Reconstruction of Anatomy 
 For our study on the effect of nasal morphology on particle deposition and air 
conditioning, a variety of nasal morphologies was necessary. Computed Tomography (CT) scans 
of 16 individuals, two males and two females from four different ethnic groups were 
retrospectively collected and de-identified in Dr. Dennis O. Frank-Ito’s lab at Duke University. 
Sinonasal reconstruction methods were carried out in Dr. Frank-Ito’s lab in order to produce 
three-dimensional (3D) reconstructions, such that all of the nasal cavity and the paranasal sinuses 
were included in the final created geometry9. To summarize, DICOM images from the CT scan 
were imported into an image analysis software, Avizo 8.1 (FEI Visualization Sciences Group, 
Burlington, MA), where the 3D reconstructions were produced. Each 3D reconstruction was 
exported in stereolithography (.stl) format into a Computer Aided Design (CAD) program, 
ICEM-CFD™ (Ansys, Inc. Canonsburg, PA), which was used to create nasal regions of interest 
including nostrils, maxillary sinuses, and an outlet at the nasopharynx (Figure 2). We were 
generously allowed access to these 16 ICEM™ models to conduct our study. 
 
Figure 2. Nasal regions of interest labelled by color 
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Mesh Creation 
Mesh creation is an essential step in 3D modelling of the nasal cavity. There is incredible 
complexity that is associated with a variety of factors, which include not only diversity from 
ethnicity, but also the way a CT scan picks up any mucosal congestion25. Thus, created meshes 
are checked for problem elements that might present errors, affect the particle flow, and/or 
deposition during the simulation. They also undergo multiple quality refinements.  
 
Figure 3. A. Tetrahedral meshes consisting of approximately 6 million unstructured elements 
were created in each geometry within ICEM-CFD™. B. Prism meshes were created with 3 layers 
of 0.1 mm thick prism elements added near airway walls.  
The tetrahedral size ratio in ICEM-CFD™ was set to 1.1, resulting in a graded density, 
increasing in number as the grid approached the walls. We then created tetrahedral meshes and 
modified the scale factor until the meshes had 6 million cells (Figure 3A). We checked the 
quality of the cells and smoothed the mesh. Any elements with an aspect ratio below 0.30 
required additional smoothing until all elements were above the 0.30 quality level20. For the 
droplet deposition simulations, we resmoothed the tetrahedral meshes to a quality greater than 
0.35. We have determined that a slightly finer prism mesh quality is necessary when creating 
meshes for simulation that involve near-wall phenomena. Thus, unlike the heat and water vapor 
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transport simulations, droplet deposition prism meshes required tetrahedral meshes to be at a 
quality of 0.35 or greater. Then, we created three prism layers with a height of 0.1 mm each 
(Figure 3B). At the prism layer level, the mesh was resmoothed with the requirement that all 
elements have a quality greater than 0.1, as suggested by Fluent technical support. The best 
achievable quality was with less than 0.001% of total elements in the lowest bin, i.e. less than 70 
elements (Figure 4).  
 
Figure 4. Smoothed mesh in ICEM-CFD™ before export into Fluent. 30 elements (less than 
0.001%) in lowest quality bin. 
 
Airflow Simulations 
Numerical Simulation. Airflow simulations were run computationally using Fluent™ 
(ANSYS, Inc.,) at steady state conditions. Under these conditions time sensitive variables are 
assumed to be constant. Fluent™ solves the Conservation of Mass and Navier-Stokes equations 
computationally using the finite volume method. The Navier-Stokes equations reflect the 
conservation of momentum (Table 2).  
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Incompressible 
Continuity Equation 
Variables Specified Values 
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x y z
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x, y, z = distance (m) 
 , ,u u v w  = velocity (m/sec) 
Navier-Stokes Equations Variables Specified Values 
 
 
 
 
 
 
 
 
 
Table 2. Equations, variables, and values used in Fluent™ airflow simulations 
Airflow Boundary Conditions. The airflow simulations require boundary conditions to be 
specified. These conditions are imposed on the different regions of the 3D reconstructed nasal 
model according to the type of surface each region represents. Four regions were designated as 
“wall” type surfaces: the right maxillary sinus, the left maxillary sinus, tube, and cavity. “Wall” 
conditions are determined such that the region must be stationary and have zero air velocity at 
the air-wall interface9. The nostrils and outlet were designated as “pressure-inlet” and “pressure-
outlet” type surfaces, respectively meaning that at these surfaces the pressure would be specified 
instead of the airflow rate, which is appropriate for pressure-driven respiratory airflow. At the 
“pressure outlet” type surface, we calculated a target pressure. In order to find this value, we ran 
simulations under which we subjected the model to pressures of -10, -20, and -30 Pa. Then, we 
used a power curve fit to determine the pressure drop needed to get 15 L/min, commonly used 
for adult resting breathing26. For the purposes of our experimental flow simulations, we are 
assuming laminar flow, which is generally accepted for flows at this rate26. We ran airflow 
simulations at the target pressure to confirm we were within 0.02 L/min of 15 L/min. If the 
calculated pressure did not result in an acceptable flow value, we created another power 
regression, until an acceptable flow rate was obtained. 
15 
 
Droplet Transport Simulations 
Numerical Simulation. The Euler-Lagrange approach was used to calculate particle 
trajectories. In Fluent™, the Lagrangian discrete phase model, which consists of two equations, 
is used (Table 3). 
Lagrangian Reference Frame 
of Equations of Motion 
Variables Specified Values 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3. Lagrangian equations, variables, and values used in Fluent™ particle simulations 
Droplet Transport Boundary Conditions. Different regions of the 3D reconstructed nasal 
model, represent different types of surfaces. Boundary conditions for particle transport imposed 
on each region were allotted depending on the surface type. We assumed that the airway walls to 
be perfect sinks, such that particles that touched the walls would be deposited at that location. 
Thus, the “trap” condition in Fluent™ was specified at the airway walls. In regions that the 
particles should not be deposited, and instead continue with their trajectories, the “escape” 
condition was specified. Regions in our model under the “escape” condition were the outlet tube, 
outlet, and nostrils. 
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Injection Setup. After boundary conditions were established, injections representing a 
nasal spray were created in Fluent™. Injections consisted of particles ranging in size from 5 to 
525 μm in 5-μm increments, with one injection created for each size. The number of particles in 
each injection was determined by experimental measurement of a typical nasal spray 
(unpublished). The spray velocity was set to 19.2 m/s, which was estimated from data obtained 
from a study by Liu et al.29. The cone half-angle of the spray was determined by experimental 
measurement as 31.65 degrees (unpublished). 
Spray Release Point and Calculation of Spray Delivery Vector. The nostril centroid had 
to be calculated in ICEM-CFD™ to find the nozzle tip from which the spray would be released. 
We chose the head tilt to be 22.5 degrees, defined as “tilted slightly forward” as per normal use. 
The nozzle tip was set to be 5 mm in the y-direction from the centroid. The nozzle tip and 
centroid values used were standardized over the 8 models by setting the nozzle tip to be 2/3 of 
the way between each side of the nostril. The values of the nozzle tip and nostril centroid (Table 
1) and spray vector (Table 2) are included in in the appendix for clarification. 
Quantification and Post-processing. To test the hypothesis that target site droplet 
deposition was ethnicity-specific, the locations of target sites needed to be established in each 
model. Our target site was set as suggested by the opinion of ENT physicians’ at UNC School of 
Medicine as sufficient to effectively treat nasal conditions such as allergic rhinitis with 
medication using a nasal spray. To construct this target site, the region was located proximal to a 
z (perpendicular to the coronal plane) -value set to 1/3 the length of the inferior turbinate from 
the proximal end and above a y (perpendicular to the axial plane) -value set to 1/3 of the height 
of the nasal valve from the nasal floor to the nasal roof. See appendix for threshold values (Table 
3).  
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The results from the Fluent™ simulations were exported as discrete phase model (.dpm) 
files. These files were used to create a visual interpretation of the particle simulation in 
Fieldview™ (Intelligent Light, Lyndhurst, NJ), a data analysis software. Different thresholds to 
view the location of particle deposition, as well as the pathways of individual particles could then 
be used to visualize the results. 
Heat and Water Vapor Transport Simulations 
Numerical Simulations. Heat transfer was simulated in Fluent™ using the energy 
conservation equation. Moisture transport between the air and the mucosa of the nasal cavity was 
simulated using the convection-diffusion equation (Table 4).  
Equation of Energy Conservation Variables Specified Values 
 
 
 
 
 
 
 
 
 
 
Convection-Diffusion Equation   
 
 
 
 
 
 
 
 
 
 
Table 4. Energy conservation, and convection-diffusion equations, variables, and values used in 
Fluent™ simulations 
 
Heat and Water Vapor Transport Boundary Conditions. Boundary conditions for heat and 
water vapor transport used here were described in detail by Garcia et al.20. Briefly, air 
temperature and relative humidity were set to 20°C and 50% and 32.6°C and 100% at the nostrils 
and nasal cavity walls, respectively.  Nasal cavity wall temperature (32.6°C) was based on 
experimental measurements of nasal mucosal surface temperature made by Lindemann et al.19. 
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Relative humidity values of 50% at 20°C and 100% at 32.6°C corresponded to 0.00724 and 
0.03078 kg/m3 which were calculated using the ideal gas law as described by Garcia et al., 2007. 
Calculation of Water Vapor Along Axial Direction. We exported the results of the mass 
fraction of water vapor from the Fluent™ simulations. The exported raw data related location (z-
value) in the nasal model with the mass fraction of water, the z axis/ positive z direction being in 
the direction of nostril to nasopharynx. This allowed us to see the progression of humidification 
during inspiration. 
Surface Area to Volume Calculation. We modified each nasal reconstruction by removing 
the paranasal sinuses at each sinus ostium and calculated SA:V ratios in each of the 16 models. 
We compared these values to previous data of the 16 models without the sinuses removed 
published by Keeler et. al to compare the effect of removing the sinuses on the reported results. 
 
Figure 5. Removal of the sinuses in 3D reconstructed model in Mimics™ (Materialise, Inc., 
Plymouth, MI) A. Frontal view B. Dorsal view (Maxillary sinuses in purple) C. Lateral view 
(Frontal, Ethmoid, and Sphenoid sinuses in purple) D. 3D Reconstruction. 
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Results 
Droplet Transport Simulations  
Time did not permit completion of droplet transport simulations in either the Asian or 
Latino/Hispanic groups. Our current results show that participants in the African American 
ethnic category had higher particle deposition in the target site than Caucasian participants 
(Table 5). Visualization of the average particle size that penetrated past our target site revealed 
that these particles were in the smaller range (5-25 microns) when noting the particle size 
distribution of spray deposition in Fieldview™ (Figure 6). 
 Mass (mg) Average  Standard Deviation Average   Standard 
Deviation without Outlier 
BF001 12.90 11.2444   7.6420 
 
14.9925   1.8194 
 BF005 16.00 
BM002 16.10 
BM004* 0.00 
WF001 6.98 9.9300   11.8927 
 
4.1500  3.4162 
 WF002 27.30 
WM001 5.11 
WM002* 0.35 
Table 5. Total mass of particle deposition in the nasal cavity for African American and 
Caucasian study participants, average and standard deviation values for each ethnicity with and 
without outlying value. (* indicates outlier) 
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Figure 6.  Size distribution of nasal spray particle deposition in target area with scalar coloring. 
 
Heat and Water Vapor Transport 
Humidification (y-axis) increased with axial distance from the nostrils, then reached a 
plateau (Figure 7). This showed that as expected, patients with normal nasal anatomy, regardless 
of differences in nasal morphology all achieve nearly 100% humidification within the nasal 
cavity. The nasal valve area and the inferior turbinate are major structures in humidification and 
some of the major changes in the progress of the graph overlap with these regions (Figure 7). 
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Figure 7.  Z-value vs. Mass fraction of water vapor. A. Caucasian B. Hispanic C. Asian D. 
African American. Shaded area indicates region of the nasal valve. 
 
 We also calculated the humidifying efficiency of the Caucasian and African American 
cohorts of the study.  
Equation for Humidifying Efficiency Notation Specified Values 
 
 
 
Posterior  
Septum (PS) 
 
Outlet (O) 
 
Inlet (INL) 
 
 
 
 
 
 
Equation for Humidifying Efficiency with Substitutions 
 
 
 
Table 6. Equations for humidifying efficiency and specified values in the equation. Mass-
weighted average quantities are simulated mass fractions of water vapor. 
 
 
22 
 
We found that the mass weighted average at the inlet (MWAINL) = 0.00724, and the mass 
weighted average at the outlet (MWAO) = 0.03078. By substituting the previous specified values 
into the equation, we were able to calculate the humidifying efficiency for the subjects in our 
study (Table 6). The humidifying efficiency of the 8 subjects was shown to reach above 
approximately 90% humidifying efficiency (Table 7). 
 Humidifying Efficiency (%)  Humidifying Efficiency (%) 
BM001 0.9662 WF001 0.9460 
BM005 0.9496 WF002 0.9803 
BM002 0.9118 WM001 0.9775 
BM004 0.8817 WM002 0.9740 
Table 7. Humidifying efficiency for Caucasian and African American subjects 
 Surface Area to Volume Results. Surprisingly, our results showed that the SA:V ratio 
increased after removal of the sinuses. The SA:V ratios with sinuses removed were 7.18±0.32 
cm-1, 7.23±0.53 cm-1, 6.00±1.27 cm-1, and 6.48±1.68 cm-1 for Caucasians, Hispanics, Asians, and 
African-Americans, respectively (individual values in Table 8). Keeler’s original data had lower 
SA: V ratios of 5.31±0.42 cm-1, 5.16±0.40 cm-1, 4.79±0.55 cm-1, and 4.45±0.76 cm-1, 
respectively. In addition, SA:V ratios with sinuses intact were 4.71±0.63 cm-1 and 5.15±0.52 cm-
1 for males and females, respectively (Table 9).   
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Patient ID Surface Area (mm2) Volume (mm3) SAVR 
WF001 24143.04 34888.35 6.92 
WF002 20247.68 26496.72 7.64 
WM001 27557.13 39303.30 7.01 
WM002 23059.56 32328.48 7.13 
HF001 27036.69 35855.84 7.54 
HF004 20948.71 32231.03 6.50 
HM001 26389.00 36630.52 7.20 
HM002 29134.90 37879.72 7.69 
AF001 21480.15 27412.97 7.84 
AF002 21112.26 42226.87 5.00 
AM001 23178.74 40060.95 5.79 
AM002 25589.12 47835.20 5.35 
BF001 23308.65 31224.06 7.46 
BF005 21762.95 27671.34 7.86 
BM002 17411.76 26856.67 6.48 
BM004 24404.58 59391.61 4.11 
Table 8. Surface area to volume ratio values for models without sinuses 
 Average SA:V Ratio 
(cm-1) 
SD (cm-1) Nasal Index 
(NI) 
SD 
Caucasian 5.31 0.42 72.57 0.66 
Hispanic 5.16 0.40 80.21 7.19 
Asian 4.79 0.55 80.65 5.82 
African American 4.45 0.76 95.90 2.22 
Table 9. Reported average values for models with sinuses and nasal index values -- from Keeler 
et al. (2015) 
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Discussion 
Contrary to our original hypothesis that there will be greater nasal spray deposition in 
Caucasians than ethnic minorities, we have found significantly greater particle deposition in our 
target site in African Americans than Caucasians. We speculate that African Americans may 
have better access to the target site due to a potentially larger nasal vestibule, which could allow 
for greater penetration via the nasal valve area. Furthermore, we noticed that the average particle 
size penetrating past our target site was (on the smaller range 5-25 microns) when visualizing the 
particle size distribution of spray deposition in Fieldview (Figure 6).  These results are consistent 
with what is seen in prior experiments/ particle simulations of nasal CFD studies: smaller 
particles travel a greater distance and leave via the region labelled “tube.” Larger particles 
deposit at the front of the nose in the nasal cavity32. We also noted that outputs in our dpms have 
shown there is no deposition to the sinuses, despite all models being healthy and having no sinus 
obstruction.   
Our findings showed that while in healthy individuals, the nasal cavity humidified air to 
about 90% or above as expected, there was variation in how quickly and efficiently 
humidification occured. The nasal valve area was seen to be a key region in which much of this 
variation occurs, but there did not seem to be difference in trends between ethnicities. When 
reorganized by gender, there was also no difference seen. Our preliminary results do not 
sufficiently conclude if our hypothesis that a larger volume and cross-sectional area of the 
inferior turbinate, and smaller cross-sectional area and hydraulic diameter in the nasal valve 
region results in better humidification holds true. We have started to isolate the inferior 
turbinates in our models but currently do not have any completed data about the volumes that 
would further our conclusions (Figure 1, Appendix). However, the nature of our graphical results 
25 
 
has allowed us to distinguish a common plateau that is reached in each individual. This has led 
us to question how far along the inferior turbinate the front end of this plateau is located 
(coordinate along the z-axis). In the near future, we hope to compare these z-values and find if a 
certain characteristic, gender, or ethnicity humidifies air comparatively earlier along the turbinate 
than others. 
We found that there was no relation between humidifying efficiency and SA:V values, 
unless we include BM004 which had extreme values. Both humidifying efficiency and SAVRs 
are values that represent a characteristic of the nose as one value. Such analysis is too 
rudimentary to address specific morphological differences; therefore, more detailed analysis was 
warranted. Our graphical representation of humidification shows the change in humidification 
over the length of the nasal cavity and allows for better understanding. Using this, we can now 
focus towards finding particular nasal anatomical regions that are better representations of how 
the nose functions in relation to humidification. Additionally, we found that the SA:V ratios 
when sinuses were included in the SA:V calculation (Keeler study) were lower than when they 
were not (present study). We postulate that this may be the result of the large volume 
encompassed by the maxillary sinus, though further study is needed to support this claim. In any 
case, the SAVR volumes calculated without sinuses are likely more relevant for humidification 
studies since the sinuses are not major role players in humidification. 
 Our simulation methods would not be possible without a few model assumptions that 
must be addressed. Firstly, we are simulating nasal drug delivery simulations without adjusting 
for the presence of a spray nozzle. Previous study has shown that obtaining accurate particle size 
distributions is not significantly affected by the nozzle33. Therefore, accounting for the nozzle is 
not necessary in order to simulate accurate spray distribution of common nasal sprays, such as 
26 
 
the one used in this study, Fluticasone propionate33. Secondly, we have assumed that our models 
are rigid. To clarify, we are assuming that our models do not have any flexible walls and that this 
did not have a significant effect on our conclusions. 
Thirdly, we assumed steady state inspiratory airflow. Humans breathe with varying 
increases in acceleration and deceleration per breath. We are assuming acceleration and 
deceleration would have small effects that would not affect our results significantly. Further 
study is needed to confirm this38. Additionally, our use of the Lagrangian discrete phase model 
also entails certain model assumptions. We assumed that there were no particle-to-particle and 
air-to-particle interactions. We also assumed that the velocity and size distribution were 
consistent over time. Our assumptions do not hinder the validity of our results if we assume that 
any molecular interaction would be sufficiently small and not contribute any significant 
difference to our results. We assumed the particles are spherical and have constant size and shape 
and density and that they follow the “trap” wall boundary condition assumption.  
Our ethnic study has in total, 16 subjects which is a small sample size. However, it does 
provides promising results that motivate additional study. Due to the interesting, novel findings 
of this study it is possible that this study can be extended to more subjects to increase the sample 
size. It may also initiate the use of the above methods to be extend to not only different 
ethnicities and genders, but also different age ranges, including pediatric and geriatric cohorts. 
The completion of our original study is underway, which includes the addition of our two 
intermediate ethnicities, Asians and Latinos. 
Nasal surgeries such as functional endoscopic sinusitis surgery (FESS), turbinate surgery, 
septoplasty, nasal valve repair and other nasal surgical procedures are performed hundreds of 
thousands of times per year in the US30. Post-surgical complications include secondary atropic 
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rhinitis and empty nose syndrome2. Better understanding of nasal air conditioning, such as 
humidification can inform physicians about the ethnic variation of important nasal anatomical 
features such as the inferior turbinate that may help improve surgical decision-making. 
Furthermore, study and improvement of nasal drug delivery which is a critical step of post-
operative recovery could further facilitate the improvement of this entire process. Thus, the 
whole of our study has the potential to reveal useful information for ENT physicians and 
surgeons.   
For example, it has been seen in patients with varying nasal conditions, that nasal sprays 
that are topically potent medication for diseases such as chronic rhinosinusitis fail to perform 
effectively31. Understanding ethnic variation in nasal morphology may allow for the 
improvement of nasal drug delivery so that there may be a chance to discover optimized 
treatment conditions in the future. Optimizing drug delivery would potentially improve post-
surgical recovery for a vast range of nasal surgical procedures. We have made progress towards 
our long term goals to shed new light on evolutionary pressures arising from different 
geographical areas of origin, and provide new information for the treatment of nasal dysfunction 
in increasingly diverse populations. Through our study on droplet deposition and humidification 
we have revealed interesting results and trends that will help us take the next steps in improving 
nasal drug delivery and nasal surgery decision making. 
 
 
 
 
 
 
28 
 
Acknowledgements 
 I would like to sincerely thank my mentor and role-model, Dr. Julia S. Kimbell, who is 
also the PI of my lab. While extremely busy, she kindly agreed to allow me to take on my own 
research project and guided me thought the process.  
I would also like to acknowledge the following for their help in making this research 
possible. 
• Dr. Laura A. Miller, Faculty Advisor 
• Dr. Dennis Frank-Ito, Duke University 
• Miss Nichole Witten, Lab Technician 
• Dr. Amy Maddox, Dept. of Biology, UNC-Chapel Hill 
• The University of North Carolina at Chapel Hill 
• Chancellors Science Scholars 
• Research reported here was supported by the National Heart, Lung, and Blood Institute of 
the National Centers of Health under award number R01HL122154.  The content is 
solely the responsibility of the authors and does not necessarily represent the official 
views of the National Institutes of Health. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
29 
 
References 
1. Romo, Thomas, and Manoj T. Abraham. “The Ethnic Nose.” Facial Plastic Surgery Aug. 
2003: 269–277. Facial Plastic Sur 
2. Shah, Kena, Juan Guarderas, and Guha Krishnaswamy. "Empty nose syndrome and 
atrophic rhinitis." Annals of Allergy, Asthma & Immunology 117, no. 3 (2016): 217-
220. 
3. Djupesland P, Messina J, Mahmoud R. Breath Powered Nasal Delivery: A New Route to 
Rapid Headache Relief. Headache J Head Face Pain. 2013;53(S2):72–84. 
4. Passàli, Desiderio, Francesco Maria Passàli, Giulio Cesare Passàli, Valerio Damiani, and 
Luisa Bellussi. "Treatment of inferior turbinate hypertrophy: a randomized clinical 
trial." Annals of Otology, Rhinology & Laryngology 112, no. 8 (2003): 683-688. 
5. Yokley T. Ecogeographic variation in human nasal passages. Am J Phys Anthropol. 
2009;138(1):11–22. 
6. Davies A. A re-survey of the morphology of the nose in relation to climate. J. R. 
Anthropol. Inst. GB Irel. 1932: 62, 337–359 
7. Thomson A., Buxton D. L. Man’s nasal index in relation to certain climatic conditions. J. 
R. Anthropol. Inst. GB Irel. 1923:53, 99–122 
8. Leong SC, Eccles. A systematic review of the nasal index and the significance of the 
shape and size of the nose in rhinology. Clin Otolaryngol. 2009;34(3):191–198. 
9. Keeler J, Patki A, Woodard C, Frank-Ito D. A Computational Study of Nasal Spray 
Deposition Pattern in Four Ethnic Groups. J Aerosol Med Pulm D. 2016;29(2):153–
166. 
10. Nolst Trenité G.J.  Considerations in ethnic rhinoplasty. Facial Plast. Surg. 2003. 19, 
239–245 
11. Rygg, Alex, and P. Worth Longest. "Absorption and clearance of pharmaceutical aerosols 
in the human nose: development of a CFD model." Journal of aerosol medicine and 
pulmonary drug delivery 29, no. 5 (2016): 416-431. 
12. Benninger, Michael S., James A. Hadley, J. David Osguthorpe, Bradley F. Marple, 
Donald A. Leopold, M. Jennifer Derebery, and Maureen Hannley. "Techniques of 
intranasal steroid use." Otolaryngology-Head and Neck Surgery 130, no. 1 (2004): 5-
24. 
13. Keck T, Lindemann J. Numerical simulation and nasal air-conditioning. GMS Curr Top 
Otorhinolaryngol Head Neck Surg. 2010;9:Doc08. PMCID: 3199825. 
14. Naftali S, Rosenfeld M, Wolf M, Elad D. The air-conditioning capacity of the human 
nose. Ann Biomed Eng. 2005;33(4):545-53. 
15. Sommer F, Kroger R, Lindemann J. Numerical simulation of humidification and heating 
during inspiration within an adult nose. Rhinology. 2012;50(2):157-64. 
16. Pinto JM. Olfaction. Proc Am Thorac Soc. 2011;8(1):46-52. PMCID: 3131780. 
17.  Boahene, Kofi Derek O. "Nasal Valve Area." Encyclopedia of Otolaryngology, Head 
and Neck Surgery (2013): 1778-1778. 
30 
 
18. Hanna LM, Scherer, P. W. "A theoretical model of localized heat and water vapor 
transport in the human respiratory tract." Journal of biomechanical engineering 108 
(1986): 19. 
19. Lindemann J, Kuhnemann S, Stehmer V, Leiacker R, Rettinger G, Keck T. Temperature 
and humidity profile of the anterior nasal airways of patients with nasal septal 
perforation. Rhinology. 2001;39(4):202-6. 
20. Garcia GJM, Bailie N, Martins DA, Kimbell JS. Atrophic rhinitis: a CFD study of air 
conditioning in the nasal cavity. J Appl Physiol. 2007;103(3):1082-92. 
21. Dutt SN, Kameswaran M. The aetiology and management of atrophic rhinitis. J Laryngol 
Otol. 2005;119(11):843-52. 
22. Segal RA, Kepler GM, Kimbell JS. Effects of differences in nasal anatomy on airflow 
distribution: a comparison of four individuals at rest. Ann Biomed Eng. 
2008;36(11):1870-82. 
23. Wang DY, Lee HP, Gordon BR. Impacts of fluid dynamics simulation in study of nasal 
airflow physiology and pathophysiology in realistic human three-dimensional nose 
models. Clinical and experimental otorhinolaryngology 5, no. 4. 2012: 181–7 
24. Re M, Paolucci L, Romeo R, and Mallardi V. Surgical treatment of nasal septal 
perforations. Our experience. Acta otorhinolaryngologica Italica : organo ufficiale 
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Appendix 
Creation of Inferior Turbinate Reconstructions.  
In Mimics, the left and the right inferior turbinate was constructed. Since the inferior 
turbinate is an important anatomical structure in humidification, understanding the progression of 
humidification through the turbinate lead to a more detailed understanding of the role of 
morphology on humidification. 
 
 
Figure 1. Left and Right Inferior Turbinates: Reconstruction in Mimics A. Frontal View 
B. Dorsal View C. Lateral View D. 3D Reconstructions.  
 
 Nozzle Tip (point, mm) Nostril Centroid (point, mm) 
 x y z x y z 
BF001 37.02484 51.89862 31.02416 37.02484 47.27922 29.11074 
BF005 38.69626 124.0007 31.35498 38.69626 119.3813 29.44156 
BM002 35.05875 41.15584 32.71822 35.05875 36.53645 30.80481 
BM004 35.51032 75.19926 22.94706 35.51032 70.57986 21.03365 
       
WF001 47.36942 39.40066 20.13722 47.36942 34.78126 18.2238 
WF002 33.43883 37.80391 27.81707 33.43883 33.18452 25.90366 
WM001 46.39913 75.83424 27.5932 46.39913 71.21484 25.67978 
WM002 30.12183 38.60341 20.30611 30.12183 33.98401 18.3927 
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 Table 1: Nozzle tip and nostril centroid of each model calculated in ICEM 
 Spray Direction (vector, nondimensional) 
 x y z 
BF001 0 0.92387942 0.38268369 
BF005 0 0.92387954 0.38268341 
BM002 0 0.92387942 0.38268369 
BM004 0 0.92387961 0.38268324 
    
WF001 0 0.92387954 0.38268341 
WF002 0 0.92387942 0.38268369 
WM001 0 0.92387954 0.38268341 
WM002 0 0.92387968 0.38268307 
Table 2. Spray vector to direction current use simulations for Fluticasone propionate nasal spray 
 
 y-value (all values less than) z-value (all values greater than) 
BF001 0.05952 0.05815 
BF005 0.13142 0.06384 
BM002 0.04908 0.05719 
BM004 0.05239 0.05246 
WF001 0.05179 0.04531 
WF002 0.04781 0.05695 
WM001 0.08758 0.05761 
WM002 0.05322 0.04733 
Table 3: Target site threshold values (from Methods section 1) 
 
 
 
